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WOCE is More Than Observations and Modelling

W. John Gould

The WOCE Synthesis and Modelling Working Group
under its co-chairs, Andrew Bennett and Lynne Talley has
held its first meeting and will meet again in the UK in late
April. The challenge facing the SMWG (in fact facing
WOCE as a whole) is quite formidable — to guide the
analysis and interpretation of WOCE as a truly global
experiment.

WOCE will by the end of its observational phase have
doubled the number of high quality deep ocean stations, it
will be able to give some guarantee of the quality of the
observations, it will have a comprehensive suite of tracer
measurements and will be complemented by direct
measurements of circulation from floats, drifters and
moorings. Above all, TOPEX/POSEIDON and ERS-1 and
2 are delivering data of unprecedented precision and extent.

WOCE researchers are busy analysing their data sets
and publishing numerous papers — the rapidly increasing
size of the WOCE bibliography now standing at 1580
entries is testament to this. There are now a number of
groups worldwide running eddy-permitting global models
of various sorts and comparisons of model results and
observations are steadily leading to recognition of the
increasing realism of OGCMs.

So WOCE is a success — yes certainly in the sense of
a return on the investment that countries have made in
WOCE as an oceanographic programme. However if you
start to ask questions about how will WOCE define the
“State of the Ocean in the 1990s”, or “What constraints do
WOCE measurements have on the global heat and fresh
water fluxes?” you start to realise that there is another layer
of complexity beyond our first definition of success.

The merger of the WOCE (and other) data setswith
models presents a substantial challenge that will be addressed
by SMWG. Our plan is that the comprehensive nature of the
WOCE data set will act as a catalyst to stimulate ocean data
assimilation which for oceanographers s stillinits infancy.

Workshops will be an important element of the
synthesis phase and Lynne Talley who is organising the
first one, the Pacific Workshop in California in August this

from the ones we produced two years ago and we received
many compliments on how professional it looked. The
whole exercise was made possible by financial support
from commercial companies involved in producing
equipment for WOCE: Aanderaa Instruments, Chelsea
Instruments, Clearwater Instrumentation, Guildline
Instruments, Sea-Bird Electronics, Sippican Inc., SIS,
Technocean Associates, TSK, Webb Research and R.M.
Young. We are very grateful for these contributions.

We plan to have the display on show at the European
Geophysical Society and The Oceanography Society
meetings later this year. The displays are available for use
at other events so please let the IPO know if you'd like to
borrow them or need more information.

Newsletter

This issue of the International WOCE Newsletter,
with a number of articles on XBT issues, marks our first
venture into colour. A four page centre section will from
now on be a regular feature and should enable us to better
represent the output of WOCE research. This issue is also
the first to be produced entirely electronically and should
result in higher quality images. (We hope we have now left
the era of paste and scissors.) The transition has not been
entirely painless and I'd like to thank our Newsletter Editor
Andrea Frische for a job well done and Stephen Peach of
SOC who has helped us through a minefield of image
formats.

Deadlines

The next two newsletters will concentrate on Tracers
(deadline for copy 15 May) and Oceanic fluxes (deadline
15 August).
WOCE Status 1996

With this issue we are also mailing a document which

year, says there has been a good response. We hope that it summarises the status of the project. It replaces the annual

will be a stimulating meeting and that the community of
Pacific scientists will start to identify and address the basin-
wide issues.

WOCE displays now available

In March the IPO had a stand at Oceanology
International '96 in Brighton, UK. We updated our displays
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Resource Assessment that used to be published each year
to highlight the shortfall in commitments to WOCE
observational components. We think that the tone of the
new document better represents the issues that are of
importance as WOCE approaches the end of its observational
phase. The document, and comprehensive information on
WOCE data sources are available on the World Wide Web
(http://lwww.soc.soton.ac.uk/OTHERS/woceipo/ipo.html).
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Classifying Surface Mixed Layers in the Pacific Ocean

Janet Sprintall and Dean Roemmich, Scripps Institution of Oceanography/UCSD, La Jolla, CA 92093, USA

The adequate simulation of climate behaviour, for the
purposes of coupling the global circulation of atmosphere
and oceans in climate prediction models, is crucially
dependent on the ability to correctly parameterise the nature
of the surface layer. The vertical structure of the surface
layer can assume many different forms. It may consist of
well-mixed layers, weakly restratified layers; it can contain
inversions; fossil or remnant layers; and salinity-stratified
barrier layers. It has a memory of months to years, illus-
trating the history of wind-forcing events and contributions
from heat and freshwater fluxes. In some regions the
structure may be complicated by horizontal advection. In
this note we will investigate how the surface layer can best
be statistically categorized for dynamically differentregimes
of the large-scale circulation in the Pacific Ocean. Plausible
scenarios of causality are presented for the different surface
layer structures, and how they relate to surface forcing
conditions.

The high resolution XBT/XCTD data

High-resolution XBT/XCTD data (to 800 m depth)
have been collected along a number of routes spanning the
Pacific Ocean (Fig. 1). The network is designed to study
upper ocean circulation, and mass and heat transport.
However, the nature of the sampling programme also
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Figure 1. The high resolution XBT/XCTD transects of the
Pacific Ocean.
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makes it ideal for a statistical study investigating the
surface layer structure and variability. Generally four
surveys are conducted per year along each transect, with an
eddy-resolving station spacing of 30—40 km along track,
and 10 km near boundaries, at the equator, and in topo-
graphically varying regions.

We focus on two lines in the Pacific network. The line
between Auckland and Suva was initiated in 1986 (40
cruise realisations), extended northward to Hawaiiin 1987,
and in 1993, sampling was continued all the way to Seattle.
A March 1995 temperature section from the surface to
300 m between Auckland and Seattle is shown in Fig. 2a
(page 21). Warmer temperatures are associated with the
southern hemisphere summer. The spreading of isotherms
atthe equatorindicates the Equatorial Undercurrent (EUC).
Sampling along the San Francisco—Taiwan transect began
in 1991, and there are 14 realizations. Rapid changes in
temperature are commonly observed between San Francisco
and Honolulu, indicative of both the transition across the
California Current system, and the south-west orientation
ofthe track itself. The western boundary northward flowing
Kuroshio Current, and associated narrow regions of
southward circulation just offshore are crossed on this
transect.

Definition of the surface layer and the
mixed layer depths

There are numerous ways to define the limiting depth
of the surface layer. Obviously itis the depth somewhere in
the main thermocline that has at some time come under the
influence of atmospheric forcing. For this study, we
determine the coldest sea surface temperature (SST) that
ever existed in the data at 0.4patial intervals along a
particular transect. For each cruise, we determine where
this coldest sea surface isotherm is located in the water
column. The depth of this isotherm defines the surface layer
depth at that particular location and time. The surface layer
definition is analogous to a local “ventilation” depth, as this
isthe depth to which atmospheric influence can be accounted
for by local wind or heat fluxes.

The depth of the coldest isotherm that defines the
surface layer on the Auckland-Seattle temperature section
is shown in Fig. 2a, and on the section’s temperature
derivative with depth (dT/dz) in Fig. 2b. The surface layer
definition is represented by the solid line in Fig. 2 and
compared to the depth of the (SS°IClisotherm (crosses),
amore familiar surface layer definition used in the literature.
Inthe summer southern hemisphere between Auckland and
Suva, the surface layer can extend to depths over 100 m,
with the thermal signature of the North Cape Eddy, near
New Zealand, evident. The summer seasonal thermocline
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is present as illustrated by the high dT/dz region near the
surface. It is this region that the (SSTC] criterion picks
out. In the winter northern hemisphere between Honolulu
and Seattle active ventilation is occurring. In the tropical
regions, the surface layer and the (SST)lcriterion are
coincident, both picking out the top of the thermocline, as
illustrated in the lower panel by the increase in dT/dz
occurring below the weak stratification in the upper layer.
Note the stronger thermocline (high dT/dz) of the equatorial
band, and the low stratification associated with the EUC
core north of the equator centred at 140 m.

Within the surface layer we distinguish the mixed
layer within the surface layer, as the depth to which active
mixing is taking place at a particular time and location. The
best criterion that describes the mixed layer in the majority
of XBT profiles is the depth of the isotherm within Wlof
a “reference” temperature at 10 m. Once this “top” mixed
layer has been determined the temperature at the bottom of
the mixed layer becomes the “reference” level temperature
and the search for isothermal fossil layers is continued
down in the profile until the limiting depth of the surface
layer is reached. Fossil layers are determined using the
same 0.1temperature change criterion.

Fig. 3 illustrates four different types of surface layers
observed in the March 1995 transect between Auckland
and Seattle. The mixed layer depth is indicated by the black
square, and the surface layer depth by the circle. In Fig. 3a,
successive XBT profiles (offset by@) between 17-T$
exhibit a strongly stratified surface layer, where no mixed
layer is evident. Whereas the successive XBT profiles at 1—
3°SinFig. 3b, strongly isothermal mixed layers, as defined
by the 0.2C temperature change, extend to 80-100 m
depth. Fig. 3c shows an example of many casts containing
a fossil layer occurring below the mixed layer. The top
mixed layer and the underlying fossil layer are separated by
a shallow thermocline between 40-50 m depth, occurring
above the main thermocline. Fig. 3d displays temperature
inversions of between 0.1-0@strength, occurring at the
base of a well-mixed layer. The six successive profiles
shown here are each separated in space by about 40 km, and
in time by about 1 hour.

Statistics of the surface layer structure
One of the benefits of the high-resolution XBT

transects is that the quarterly surveys are exactly repeating,
and hence we can represent the statistics of

the structure of the surface layer both spatially
and temporally. Along a particular transect,
we calculate the percentage of casts for each
5° spatial band that contain fossil layers and
inversions as defined in the above section.
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For the 14 cruises between San
Francisco and Taiwan (Fig. 4) most fossil
layers and inversions occur between°/80
and 140W. In this region off the Californian
coast, the high percentage of casts that con-
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althoughinversions have atendency to occur
near shore in the latitude band 1806-
135°W during boreal winter (NDJ) and spring
(FMA), and further offshore in the latitude
band 138W-14CW during boreal summer
(MJJ) and fall (ASO).

‘ In spring, 33% of casts between
13C°W-14CW contain fossil layers. Fossil
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layers are isothermal mixed layers that occur
below a more recently formed upper mixed
layer. The diffusion of heat in the upper
mixed layer formed through periodic spring
heating events, is slower than the response
of the stronger winter wind-mixing events
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that formed the deeper mixed layers.
The area where fossil layers and
inversions are predominant in the XBT casts
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Figure 3. Surface layers (circles) and mixed layers (squares) observed alongdheesponds to the California Current
Auckland—-Seattle transect during March 1995 for the regions (a) %+19ransition region, where salinity variability

(b) 1-3’S; (c) 9-12N and (d) 9-11S.
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is known to influence the dynamics of the
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Figure 4. Percentage of XBT casts containing fossil layers
(dashed) and inversions (solid) for the 14 cruises along the
San Francisco—Taiwan transect, 1991-1995.

surface layer. The transition zone is a region of complex
salinity structure, that is primarily associated with the
interleaving of various water masses. A southeastward
continuation of the Subarctic Frontal Zone separates the
low salinity and temperature Pacific Subarctic water, formed
further north under conditions of high precipitation and
large heat loss, from the warmer, saltier eastern North
Pacific water entering from the west (Lynn, 1986).
Mesoscale eddies and energetic meanders complicate the
transition zone (Lynn and Simpson, 1987). Such eddies and
meanders would contribute to the strong variability exhibited
in the vertical salinity and temperature profiles observed in
the XCTD measurements, and result in the high incidence
ofinversions and fossil layers noted in the XBT observations
that transverse the region.

Auckland—-Seattle

Along the Auckland—Seattle track, over 30% of casts
are found to contain fossil layers during winter (MJJ) and
spring (ASO) near New Zealand, betweerfSs0S
(Fig. 5). The mean thickness of the fossil layers is 35 m,
and they generally lie at about 80 m depth. This region
corresponds to the formation area of the Subtropical Mode
Water (STMW: Roemmich and Cornuelle, 1992). Generally,
STMW forms in response to cooler winter sea surface and
airtemperatures, with large fluctuations on interannual and
seasonal time scales. Fig. 5 shows that the occurrence of
fossil layers during winter and spring may also be indicative
of STMW formation.
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Inversions are likely to occur in the high shear zones
between the South Equatorial Current and the South
Equatorial Countercurrent (15-10S), and between the
North Equatorial Countercurrent and the North Equatorial
Current (83N—1C°N). Inthe southern hemisphere inversions
occur during austral fall (FMA) and winter (MJJ). While in
the northern hemisphere there is a slight preference for the
presence of inversions during boreal summer (MJJ) and fall
(ASO, howeverinthis case, the zone is much more equator-
ward, and hence the seasonal signal less pronounced.
Horizontal advection is a likely candidate for cause of
inversions in these high shear zones.

Over 20% of casts in the equatorial bantS(85'N)
contain fossil layers most of the year. XCTD measurements
indicate that in the equatorial region, since the onset of the
1991-93 ENSO event, the surface layer salinity has been
much lower than average, whereas below this it is saltier.
The extensive freshening of the surface layer in early 1992
was the subject of a study by Roemnethl.(1994). They
observed salinity stratified, isothermal barrier layers in the
equatorial bands, suggesting that they were created as
fresher surface water from the west flows eastward over the
saltier central Pacific water in an equatorial surface jet. In
the equatorial central Pacific, it seems that the anomalous
eastward freshwater jet is a necessary requirement for
barrier layer formation, as barrier layers have not been
observed in XCTD measurements during the prolonged
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Figure 5. Percentage of XBT casts containing fossil layers
(dashed) and inversions (solid) for the 40 cruises between
the Auckland—-Hawaii (1986—1995), and the 8 cruises

between Hawaii—Seattle (1991-1995).
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1991-93 EI Nifio other than when the 1992 eastward jet
was present.

Conclusions

The main objective of this work has been to inves-
tigate how the surface layer can best be categorized for
dynamically different regimes of the large-scale circulation
in the Pacific Ocean. We have examined how the mixed
layer structure and the statistics correlate with the wind
history and the seasonal heating cycle in forming fossil
layers and inversions. Features such as fossil layers and
inversions were demonstrated to be ubiquitous in regions of

the Pacific Ocean, and consistently appear in the XBT data
during certain periods of the year.
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Geostrophic Transports of the Major Current Systems in the Tropical Indian

and Pacific Oceans

G. Meyers*, J-R. Dongdy and R. Bailey*

*CSIRO Division of Oceanography, GPO Box 1538, Hobart, Tasmania 7001, Australia
*Centre ORSTOM de Brest, BP 70, 29280 Plouzané, France.

Due to their large size, the variation of the general
circulations of both the Pacific and Indian Oceans have
rarely been described in their totality using hydrographic
data. However, the development of the expendable
bathythermograph (XBT) programme, particularly since
the mid 1980s as a result of the Tropical Ocean Global
Atmosphere (TOGA) Programme and the World Ocean
Circulation Experiment (WOCE), has provided the
basinwide observations of the thermal structure required to
describe the major current systems. This paper summarises
some recent work (Donguy and Meyers, 1995 and 1996;
Meyerset al, 1995; Meyers, 1996) which uses this widely
dispersed sampling to document the variability of the
major, tropical currents throughout the Indian and Pacific

The method

XBT data and the climatological temperature/salinity
relationship were used to calculate the mean annual and
seasonal cycles of dynamic height and geostrophic transport
of major currents relative to 400 db along 9 shipping tracks
(Fig. 1) covering a large part of the tropical Indian and
Pacific Oceans. The data were selected in bands centred on
the most frequently repeated XBT tracklines for the period
1967 to 1988 for the Pacific Ocean, and for the period 1983
to 1994 for the Indian Ocean. The data were in general
processed by the procedures described by Betleaf,
1995. Longterm bimonthly mean temperature was calculated
in 1° latitude bins along the tracks, except near coastal

Ocean basins. The studies are based on frequently repeated boundaries where bins were adjusted to have one in shallow

XBT lines which were, if fully implemented, monitored at
least 18 times per year with an XBT drop every 60 nmiles.

FAL =N

[ oxis

Figure 1. Location of XBT lines.
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water (<500 m) when possible. The transport function

(vertically integrated dynamic height) was then calculated

using the mean temperature/salinity relationship. The
stochastic errors in bimonthly mean transports were 1 to 2
Sverdrups on the most sampled tracks.

Tropical Pacific Ocean

The mean annual cycle of transport of the North
Equatorial Current (NEC), the North Equatorial Counter-
current (NECC) and the South Equatorial Current (SEC)
(south of 2.8S) were determined between the ridges and
troughs of the transport function (Donguy and Meyers,
1996). Mean transports of the NEC and NECC increase
regularly with longitude from east to west, as discussed in
detail in the paper. The NECC has alarge annual cycle with
a transport-maximum during northern fall and winter.
Seasonal variations of the NEC are small. Seasonal variations

International WOCE Newsletter, Number 22, April 1996



of the SEC are slightly smaller than variations of the
NECC, and they have considerably different phase from
track to track (Fig. 2a, page 21). The SEC is described in
more detail here because it was covered by several lines in
both oceans.

Tropical Indian Ocean

In the northern hemisphere, low dynamic heights
prevail during the NE monsoon and high dynamic heights
during the SW monsoon inducing an alternating Somali
Current (Donguy and Meyers, 1995). In the southern
hemisphere, at°#8°S a trough of low dynamic height
occurs during the whole year. Empirical orthogonal function
(EOF) analysis was used to document the variation of these
features. The geostrophic transports calculated on the XBT
routes show spatially coherent patterns with strong seasonal
variations, particularly in the Arabian Sea and along the
equator. The mean transport of the South Equatorial Current
(Fig. 2b) increases regularly with longitude from east to
west in all months. It has small annual variations and the
phase of the annual maximum progresses consistently
westward, something which is not evident in the SEC in the
Pacific (Fig. 2a). As expected, the SEC in the Indian Ocean
is much weaker compared to the SEC in the Pacific Ocean.

Variability of the Indonesian throughflow

The XBT line Fremantle-Sunda Strait transects the
eastern Indian Ocean between northwestern Australia and
Java. It was established in 1983 with low-density sampling
and upgraded to a frequently repeated line (>18 times per
year) in 1987 to monitor currents. Variation of the thermal
structure during 1983 to 1994 shows a rich mixture of
annual, semiannual, and interannual timescales (Meyers
al., 1995; and Meyers, 1996). EOF analysis of anomalies of
sea surface temperature (SST), dynamic height, and depth
of the 2C isotherm D20 identifies two distinctive signals
(see Fig. 3). The Variation of Indonesian throughflow and
the El Nifio Southern Oscillation (ENSO) signal (EOF 1)
appears throughout the region and is strongest off the coast
of Australia. A modulation of the annual signal (EOF 2)
appears off the coast of Java. EOF 2 has a shorter timescale
than the ENSO signal, and its temporal coefficients are
correlated to zonal winds over the equatorial Indian Ocean.
For both EOFs, anomalously low SST and dynamic height
occur at the same time as anomalously shallow D20 and
vice versdor opposite anomalies. The XBT data, used with
a climatological temperature-salinity relationship, gives
the net, relative (0/400 dbar) geostrophic transports T
through the section. For long timescales, T is representative
of Indonesian throughflow. The variations associated with
ENSO show a maximum during the La Nifia of 1988—1989
and minima during the El Nifios of 1986-1987 and 1991—
1994. The peak-to-trough amplitude of the ENSO signal is
5 Sv. For the shorter timescales, T is representative of
currents from the Indian Ocean flowing in and out of the
region between northwestern Australia and Indonesia,
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changing the volume of upper layer water stored there.
Associated with EOF 2, a sharp peak in westward transport
developed during May to October 1994. When the XBT

data is combined with available hydrographic data to

investigate the deeper currents and the total throughflow,
the maximum net, relative transport toward the west between
Australia and Indonesia is 12 Sv in August/September
(Meyerset al, 1995).

Conclusions

XBTs have provided a cost-effective way of providing
widescale sampling of the upper ocean thermal structure
for geostrophic transport as well as heat storage studies.
The challenge for the future is to combine such subsurface
information with widescale surface topography data
provided by the latest satellite missions such as TOPEX/
POSEIDON and ERS-1&2.
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Figure 3. Geostrophic transport (0/400 dbar) in Sverdrups
(10° m®/s): (a) South Equatorial Current SEC and South
Java Current SJC and (b) Leeuwin Current LC and Eastern
Gyral Current EGC. Positive values indicate westward
flow for the SEC, eastward for the SJC and EGC, and
southward for the LC. (c) Net geostrophic transport
(0/400 dbar) through IX1 from Shark Bay to Sunda Strait
(solid line) and mean annual cycle for the period 1983—
1994 (dashed). (d) Same as (c), but with the ENSO signal
in throughflow estimated by regression analysis with joint
EOF1 (dashed), (e) Same as (c), but with the flow through
line IX1 estimated by regression analysis with joint EOF2
(dashed).
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Intensive Measurements of Sea Surface Temperature and Salinity in the

Western Pacific

C. Hénin, Surtropac Group, Center ORSTOM de Noumea, BP A5, Noumea, New Caledonia

Temperature and salinity play a critical role in oceanic
circulation, and therefore in the distribution of water masses.
For this reason, the description and analysis of sea surface
salinity (SSS), sea surface temperature (SST) distributions
and of their seasonal and inter-annual variations are essential
for understanding the influence of oceans on global climate.
The inter-tropical western Pacific happensto be the oceanic
area of the planet where rainfall is most abundant, which
results in a marked lowering of surface salinity (Lukas and
Lindstrom, 1991), and itis also the place where the warmest
waters in the upper layers are found, acting as the planet’s
heat reserve, and usually referred to as the ‘Warm Pool'.

While global surface ocean temperatures have been
fairly well documented through satellite remote
measurements, available data of salinity are scarce.

In 1969 ORSTOM Centre in Noumea developed a
network of commercial vessels operating between New
Caledonia and Japan. By regrouping surface temperature
and salinity measurements from meteorological buckets,
taken along the shipping routes, Donguy and Hénin (1978)
and Delcroix and Hénin (1989) were able to correlate
salinity distribution, rainfall and the movements of the
Convergence Zones of the Wind. The bucket technique by
volunteer crews allows only 4—-6 measurements per day.
Furthermore the accuracy is estimated to be only 0.2 to
0.3°C in temperature and 0.2 in salinity respectively.

The annual number of measurements taken by the
vessels within the ORSTOM Pacific network has varied,
reaching as much as 10,000 observations/year between
1977-83. Unfortunately, this figure is gradually decreasing,
due to difficulties encountered. During 1994 less than
2,000 observations were made.
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Development of the automated TSG
network

We have just pointed out the need to introduce
automation in the measurement of surface temperature and
salinity,i.e. the need for better accuracy, for simplicity of
method and for a much greater number of observations. We
selected the SBE21 thermosalinograph (TSG) manufactured
by SeaBird Electronics Inc. The conductivity cellincorporate
tributyl tin coatings to reduce biological fouling. TSGs
installed on commercial ships in tropical regions the
biological fouling process may be crucial. It has to be setas
close as possible to the engine water intake mainly to
reduce increase of temperature. Depending on the ship this
was generally possible.

Median values of temperature and salinity over 20
measurements are recorded every 5 minutes. For the
geographical positioning we were able to interface our
equipmentwith aninexpensive separate satellite positioning
system. A complete description of the system can be found
in Greletet al (1992). The new automated technique
constitutes a notable improvement in the accuracy of both
surface temperature and salinity over the old bucket sampling
technique. From comparisons with CTD surface observ-
ations during four oceanographic cruises in the western
equatorial Pacific differences of 0.00 to 0.03 in salinity
were observed while the temperature measured by TSG
was 0.1 to 0.3C greater than CTD surface temperature. In
order toimprove sea surface temperature measurements we
actually compare temperature from separate sensors at the
entrance of water intake and fixed to the hulirtcsitu
observations. Tests are in progress at ORSTOM Centre.
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Figure 1. TSG network in the Pacific Ocean during 1994 and mean sea surface salinity for the 1974-1989 period.

The TSGs were regularly calibrated at the SeaBird
factory. From basic data (frequencies) and pre- and post-
calibration coefficients for 4 different SBE21 systems
during the 1993-95 period operating on commercial vessels
we observed that salinity drift was never more than 0.001
per month which is comparatively very small (Bitterman
and Millard, 1994). A calibration every year or every two
years may give the guarantee that the change in salinity is
of the order of 0.01-0.02. The associated change in
temperature is less than 0.005

Since late 1990, six commercial vessels and three
Research Vessels were selected to refine and perfect the
automated surface water measurement system. The
monitoring effort was focused on the western and central
Pacific where the salinity distribution is well contrasted
with high salinity waters of more than 36.2 near French
Polynesia and low salinity waters (less than 34.8) under the
convergence zones (Intertropical Convergence Zone [ITCZ]
and South Pacific Convergence Zone [SPCZ]). The area of
observation extends from Japan to New Zealand, and from
Southeast-Asia and Australia to French Polynesia (Fig. 1).

Variability of SSS and SST observed with
TSG network

From the recent intensive automated observations of
SSS and SST by TSG we may present some results:

The temperature diurnal cycle

In the western equatorial Pacific during the intensive
observation period (IOP) of the COARE programme
(Coupled Ocean Atmosphere Response Experiment) we
had the opportunity to observe the diurnal cycle with our
TSG system. During a three month period (December 1992
to February 1993), RV Le Noroit cruised along 18 cross-
equatorial tracks, experiencing varying cloud cover and
wind strength. These affected the amplitude of the diurnal
temperature cycle, and disturbed the description of tem-
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perature distribution along the 55N runs (each one
lasting approximately three days). During the 20—-23 January
1993 section (Fig. 2) while the wind was very weak during
three days the diurnal heating is well observed on the SST
records with an amplitude of about @C7and a maximum
occurring at approximately 1400 to 1500 local time.

Effect of rainfall

Local rainfall affects both temperature and salinity.
The effect ontemperature is small (a 0.1>~O&mperature
drop has been frequently observed during a rain squall), but
much greater on surface salinity. Depending on the intensity
and duration of rainfall, this latter may vary by as much 1.0
(observed from RV Le Noroit betweeriN8 and 4N in
January 1993). The rainfall lowers the sea surface salinity
and the sea surface temperature. This effect and the diurnal
heating are seen in T-S diagram on Fig. 3.

This temperature diurnal variability, coupled with the
effect of localized rainfall in tropical areas, could lead one
to question the validity of surface temperature and salinity
measurements taken by the traditional network of

304
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Figure 2. Sea surface temperaturéC) along 156E
between 8\-5°S during a light wind period (20—23.1. 1993)
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commercial vessels, and even those gathered by research the seasonal and the interannual variations. The new thermo-

vessels. Studies are being carried out on the diurnal
temperature cycle and on the effect of freshwater impact on
the surface layer of oceans. The automated TSG bring new
observations for these studies.

Surface Salinity fronts

Along the Equator, a very large zonal surface salinity
front was observed in October 1994 during the Flupac
cruise with a sharp gradient near I2(33.8—-34.5 west of
175°W and 35.2—-35.3 east of ’W). These observations
reflectthe El Nifio eventwith the eastward extension of low
salinity waters of the Warm Pool and the strong zonal
salinity gradient on its eastern edge.

SSS structures along the quasi meridional merchant
ship routes were already described by Delcroix and Hénin
(1991). Fromtraditional bucket observations they described

30.0 I
295
A eating
%) L k i,
— 29.0 :
& L bt ‘3’%
S| 3
28.5 F "' . N
rainfall effects
280 L+t 1 L . . .
33.0 335 34.0 34.5 35.0
SSS [psu]

Figure 3. Temperature/Salinity diagram observed along
156°E on the 35-5N section showing rainfall and diurnal
heating effects (3—-6 January 1993).

salinographs records now allow to observe fine sea surface
structures along the shipping lines. Fig. 4 presents the SSS
distribution during the 1992—-1995 period along the Japan—
Tarawa—Fiji line crossing the equator near °E/ devery

two months since June 1992 and every month since August
1995). Low salinity waters are observed under the ITCZ
near 7N and SPCZ near’$. During this El Nifio period
very large SSS variability is detected on the equator (from
less than 33.6 in August 1993, more than 35.2 in March
1994 and since April 1995). Thisinduces very pronounced
meridional salinity fronts (more than 1.0 over a few miles
respectively near°N and 4-8S) between high salinity
equatorial surface waters and low salinity waters associated
with ITCZ and SPCZ. These fronts would not be so well
described with bucket sampling. Recentwork using drifters
and SSS TSG data suggests that in addition to evaporation
and rainfall zonal currents and equatorial upwelling may
explain such equatorial SSS distribution (Héstial 1995).

Conclusion

The study of the variability of tropical SST and SSS
distribution using first three years of intensive observations
by TSG on commercial vessels has proved to be somewhat
difficult to carry out due to the high frequency variations
introduced by the diurnal cycle (in the case of temperature)
and by rainfall (in the case of salinity). By developing
intensive automatic observation systems and using
smoothing and filtering techniques we may eliminate these
local effects.

During the experimental period, and using a limited
number of ships, we were thus able to demonstrate that
intensive automated surface water monitoring was indeed
possible, and that it improved the accuracy of the data and
the density of coverage along the tracks followed.
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Figure 4. Sea Surface Salinity distribution along the Japan—Tarawa—Fiji line for the 1992-95 period.
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Summary of Field Tests of the Improved XCTD/MK-12 System

Alexander Sy, Bundesamt fur Seeschiffahrt und Hydrographie, Postfach 30 12 20, 20305 Hamburg, Germany

An XCTD field evaluation on Meteor cruise No. 30/
3 (WHP Section Al) in the eastern North Atlantic in
December 1994 and measurements under realistic ship-of-
opportunity conditions in September/October 1995 have
completed a series of field trials started in 1992. The first at-
sea tests revealed significant deficiencies in the system’s
performance (Sy, 1993). The urgent need to improve the
reliability and accuracy of XCTD measurements led to the
development of various modified devices by the system’s
manufacturer, Sippican, Inc. The combined modifications
result in a new configuration of the MK-12 hardware,
firmware and software, and include changes of the XCTD
probe. After several field and laboratory tests carried out by
the manufacturer (Elgin, 1994), the results demonstrated
significantimprovements in the overall system performance.
The purpose of the two field trials reported here was to
check the manufacturer’s specification independendy,
from the customer’s point of view. The system’s accuracy
for XCTD measurements is claimed by the manufacturer to
be+0.03'C for temperature;0.03 mS/cm for conductivity,
and+5 m or 2% for depth (Sippican, 1992; 1994).

Operational details of the XCTD versus CTD
intercomparison

12 XCTD probes were calibrated by Sippican, Inc. in
September 1994 and made available for the planned at-sea
test. The XCTD test sites are located west of the British
Isles in an area from 8® to 53N and 18W to 23'W. This
ocean area provides favourable conditions due to its well
developed hydrographic stratification in both temperature
and salinity.

Severe weather conditions forced a premature end of
our regular research programme before we had the oppor-
tunity to carry out the XCTD test. Therefore, it was decided
to use a combination of T-5 XBT and XCTD proless
routehome as a poor makeshift substitute to complete our
hydrographic section in a rough-and-ready way (test A, 9—
10 December 1994). After successful and problem-free
launching of 6 XCTDs and 12 XBTs at a ship’s speed of
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about 6 knots, we were surprised by a sudden unpredicted
favourable change of the weather situation. We returned to
the break-off point of the hydrographic section to resume
our field work including the originally planned XCTD
versus CTD intercomparison (test B, 13—14 December
1994).

Field test B was carried out with XCTD drops at
stations #542 at 320'N, 18°52'W and #546 at 520'N,
15°47'W side by side with the down-profiling of a well
calibrated NBIS MK-IIIB CTD. The CTD data were
processed according to WOCE standards. XCTD data
processing included the editing of spikes and noise by 5-
point-moving-median filtering of temperature and
conductivity (Sy, 1985), editing of start-up and profile end
transients, and compaction to 2 dbar intervals. The accuracy
of the reference CTD data was estimateDBs2 mK for
temperatureDS +0.002 for salinity andp 2 dbar for
pressure. The temporal stability of all parameters was
extremely good.

Test results

All 12 probes launched gave traces from the sea
surface to below 1000 m depth. No completely erroneous
profile or calibration failures were detectable. The peak-to-
peak noise was found to be in the range of the resolution of
the MK-12 €0.01°C, £0.01 mS/cm) and no increasing
noise with depth appeared. Also, the system grounding
problem and the data offset at 900 m were obviously
solved. The XCTD temperature section of test A corresponds
well to the XBT section as well as to the CTD section,
which was carried out 3 days later. In contrast to the 6 drops
of test A, which were carried out without any difficulties at
all, 3 drops (50%) of test B encountered problems. One
drop failed, although good data were acquired, due to a
software breakdown and data loss. One profile became
very noisy below 730 m depth with unusable data, which
may have indicated a signal wire problem. During one drop
awire jamwas detected, which fortunately could be removed
in time to prevent a premature wire break.
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Figure 1. CTD and XCTD profiles of the upper 150 dbar
at stat. #542 (a) temperature, (b) conductivity.

For test B the comparison of data from the homo-
geneous mixed layer provides a good estimate of the
parameter accuracy and the start-up transients. The range
of temperature differences between XCTD and CTD traces
does not exceed th#0.03C limit below 10 m depth
(Fig. 1a). However, the conductivity differences of some
profiles exceed thet0.03 mS/cm limit significantly
(Fig. 1b). Generally, the XCTD conductivity is low with
respectto the reference CTD. A greater discrepancy between
XCTD and CTD conductivity is revealed for the upper
50 m of two drops (one in each test) caused by a slow start
of the conductivity measurement (see drop #7 in Fig. 1b)
Elgin (1994) provides the plausible explanation that air
bubbles remaining in the conductivity cell cause too low a
conductivity measurement until they eventually collapse
by increasing pressure. The reduced overall accuracy and
the start-up problem demonstrate the difficulty of con-
trolling the conductivity parameter and consequently the
computed salinity. Increasing differences of some traces
below 60 m are probably caused by temporal variability of
the field (Fig. I).

The temperature accuracy found in the mixed layer of
the upper ocean remains stable also for the deeper ocean
(Fig. 2a). The conductivity difference becomes smaller
with increasing probe depth and eventually falls inside the
1£0.03 mS/cm limit in the lower half of the traces (Fig. 2b).
Thisindicates thatthe data quality is influenced by increasing
pressure, i.e. the bubble formation in the conductivity cell
on launching is probably a more general problem. Ordinary
air bubbles seem to be responsible for the slow start effect
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and micro bubbles for the reduced conductivity accuracy at
the profile’s upper part. Elgin (1994) reported on different
resolution across the range of conductivity, with the poorest
resolution at the high end. The measurements at the test
sites, however, do not show these high conductivity values.
As for conductivity, the salinity difference is also sig-
nificantly reduced with greater depth. It should also be
noted that the 42.921 mS/cm value previously used as
standard conductivity was changed to the commonly recom-
mended 42.914 mS/cm value (R. Elgin, pers. comm.).

The hydrographic stratification allows an easy
evaluation of the depth formula. As for XBT probes (Hanawa
et al, 1995), the XCTDs fall faster than specified. The fall
rate variability is small. The depth error is estimated to be
about -30 m at 900 m depth (or 3.3%). That corresponds to
previous findings (Sy, 1993) and shows that probably no
change of the hydrodynamically effective underwater body
design was made. Thus, for a more accurate re-calculation
of the depth fall rate formula, all old and new XCTD versus
CTD intercomparison data can be used.

Measurements along a transoceanic
section onboard a merchant vessel

A suitable opportunity to extend the test results by
experiences obtained under realistic ship-of-opportunity
conditions was presented by CMS Kdln Express from
29 September to 2 October 1995, when a complete section
from the English Channel to the Grand Banks (Line AX3)
was carried out. All probes were launched by a scientist
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Figure 2. CTD and XCTD profiles of deeper layers at stat.
#542 (a) temperature, (b) conductivity.
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from the vessel's stern (launch height: 10 m). For data
acquisition the same equipment was used as 9 months
before, except software rev. 3.03. From 60 probes, calibrated
by Sippican, Inc. in August 1995, 4 probes failed due to
probe malfunctioning and another 4 probes failed due to
fatal software problems. 35% of all conductivity profiles
are affected by the conductivity start-up problem (defined
as slow start conductivity transient effects below 10 m
depth).

The measurements were carried out under severe
weather conditions. The ship’s speed of 12—-19 knots and
the strong head wind added up to relative windspeeds of up
to 60 knots. XCTD probes are designed to cover the upper
1000 m at a maximum ship’s speed of 10 knots. The depth
range of XCTD profiles was found between 460 m and
764 m with a mean depth range of 606 m. For many ship-
of-opportunity programmes this reduced depth range will
not meet their requirements. No relationship between wind-
speed and depth range or windspeed and probe mal-
functioning could be deduced. The probe malfunctions
occurred at high and at low windspeeds and are thus more
likely a manufacturing problem. One should expect to find
a strong dependence of the depth range from both ship’s
speed and windspeed. In this case, however, both effects
are superimposed (Fig. 3). The visible influence of
windspeed on the depth range appears in terms of an
increasing maximum depth variability, but without a
decreasing mean maximum depth.

Conclusion

The results of the field evaluation of December 1994
and of the transoceanic section 9 months later conclusively
reveal that modification efforts of the manufacturer during
the last years have resulted in a significant XCTD/MK-12
system performance improvement. Obviously most
performance difficulties encountered at previous sea trials
have been successfully solved. The system is close to the
point of meeting the claimed specification. Unsolved defici-
encies are the conductivity start-up problem, the reduced
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Figure 3. XCTD depth range versus relative windspeed
and versus ship’s speed.

conductivity accuracy at low pressure, and the inaccurate
depth formula. Also the MK-12 software, although easy to

use, needs a careful revision. To review the XCTD depth
fall rate will be the next action to be taken by the IGOSS

Task Team on Quality Control of Automated Systems

(TTQCAS).
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